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PACS numbers:
Collisions of particles at the energy frontier offer enormous potential for the discovery of new particles or interactions. To date, no evidence for physics beyond the standard model has been reported. However, the current program consists overwhelmingly of searches for specific theoretical models, and the possibility remains of a theoretically unanticipated discovery.
Searches for new particles without the guidance of a specific theory model face daunting challenges, the most prominent being the enormous space of signatures in which to search. An examination of every possible observable in every final state configuration suffers from an enormous trials factor, such that discovery is nearly impossible unless the signal is enormous. Previous approaches [1] [2] [3] have been to consider only the total yields in a large set of final states -which significantly reduces the discovery sensitivity, or to search for excesses in highp T tails of many distributions in many final states -which suffer from poor statistics and large systematic uncertainties.
In this paper, we propose a new approach which focusses on exploring the complete set of models which have identifiable resonant features: for each final state, systematically construct all possible topologies which would give resonant features, seen as peaks in reconstructed invariant mass distributions 1 . This reasonable experimental requirement constrains the space of discoverable models dramatically without being dominated by theoretical prejudice, and guides the analysis strategy: to search for the resonant features of each specifically constructed topological model. This does not completely evade the trials factor, which is unavoidable if one examines many final states, but is an experimentally motivated strategy for reducing the number of observables in a given final state. Limits or discoveries may be reported in terms of cross sections in the space of particle masses. Perhaps most importantly, the topological model strategy emphasizes completeness, where theoretical motivations may not have inspired us to examine specific topologies. For example, we describe below how topological models motivate a search for Z → χ 1 χ 2 → + − jj which features resonances in m , m jj and m jj ; this is similar to existing searches for new resonances decaying to W Z → + − jj but without the constraint that m ≈ m Z and m jj ≈ m W . In this way, it points to new directions where discovery potential is untapped in the current data.
This approach shares a motivational principle with the simplified model approach [4] , in that it seeks to characterize our knowledge in terms of particle masses rather than theoretical parameters, giving limits on cross sections for given decay modes rather than on theoretical parameters for full theories. However, while simplified models reduce the complexity of a set of full models by specifying the minimal particle content of a topology, the topological model strategy aims to cover the complete experimental space of a particular final state or set of final states.
This topological model approach is best considered as an extension of the effective field theory strategy, where the new particles are considered to be too heavy to be directly observed as resonances and the interactions they mediate are replaced by effective operators which integrate out the details of the complete theory. Typically, exhaustive lists of possible operators are formed, giving a completeness to the analysis. In the same way, the topological model approach we describe here seeks to compile the list of potentially discoverable new physics topolo-gies, but where the new particles are light enough to be directly seen as resonances.
The completeness of a survey of topological models in a final state gives more weight to a negative result: if nothing is seen in the data we can say with some confidence that no new observable resonances exist. In addition, another strength is it helps to organize the experimental results, which are currently presented in the context of searches for specific theories.
The number of topologies grows quickly with the number of final state objects. For concreteness, we choose a final state with a reasonable but non-trivial number of objects:
+ − jj. Note that in the examples below we have focused on = e, µ, quark-originated jets, and that in the event selection we allow more than two jets in order to improve the probability to locate the two jets of interest among those generated by radiation. Additionally, one could consider further categorization by jet flavor.
Though we examine a single final state here, one important advantage of this approach is that it allows the coherent consideration of multiple final states. For example, one could consider 4 or 4j modes of Z → χ 1 χ 2 decay. By contrast, a similar interpretation of multiple final-state-specific simplified-model results is not possible, as the results are reported per final-state and the necessary correlational information needed to combine final sates is not typically reported.
In the following sections, we construct the list of topological models for + − jj, detail theoretical models built to describe the phenomenology of those topologies, and present LHC sensitivity studies for each topology.
TOPOLOGIES IN
+ − jj
In the + − jj final state, resonant features can be seen in several distinct topological arrangements; there can be two-, three-, or four-body resonances present. Since it will allow for the largest production cross section, we always consider the case of a 4-body + − jj resonance. From ainitial state this first resonance must be either a color singlet or octet, Lorentz vector or scalar, and we focus here on the simple case of color-singlet vector boson, a Z boson. In this case the intermediate 2-(3-) body resonances are scalars (fermions). In particular, the topologies which arise are:
The first topology (see Fig. 1 ) describes resonant production of new particles, each of which decays to a lepton
and a jet. This is essentially a lepto-quark model [5] , and territory which is well-explored experimentally and will not be discussed further here. The second topology (see Fig. 2 ) describes production of new particles χ 1 and χ 2 which decay to lepton pairs or quark pairs. This is similar to searches for heavy resonances which decay to ZZ with one hadronically and one leptonically decaying Z boson, or decays to W Z with hadronic W -boson and leptonic Z-boson decays. This is well-explored territory, but only for the cases where χ 1 and χ 2 have masses close to m W,Z . In the case when these intermediate particles are heavier, the experimental data have not been examined, and discovery potential remains. This topological approach therefore provides a useful and natural generalization of an existing effort.
The final two topologies (see Figs. 3 and 4) include decays Q → + − j or L → ± jj. These arise from a higher dimension four-fermion contact operator, representing the mediation of this interaction via some new heavy particle which is integrated out. To be perfectly exhaustive, one should consider the case where the mediator is light enough to be produced on-shell, giving, for example Q → Xj → + − j. Note that we do not discuss in detail Z → ( + − jj) through an effective five-point interaction, because this topology provides no further intermediate resonances to guide the search beyond m jj .
In the next sections, we construct example models which give these topologies, propose techniques for experimental analysis, and estimate the sensitivity of the LHC at √ s = 14 TeV, with L = 300 fb −1 .
THE MODELS
In order to allow simulation of these topologies, toy models were built in FeynRules [6] for MadGraph [7] . To allow production, the Z resonance must couple to some of the SM quarks. This may occur either through charging some of the quarks under the U (1) , or through a higher dimension operator as an "effective Z " [8] . The
former requires the addition of new heavy fermions to cancel gauge anomalies, these can always be vector-like under the SM and chiral under the U (1) [9] , The latter requires heavy fermions that mix with SM fermions, these can be vector-like under both the SM and the U (1) . We consider a flavor independent coupling of the RH quarks to the Z . Since it does not affect the physics we are interested in, our toy models are not complete and do not contain either sets of heavy fermions necessary to make the models consistent. Furthermore, we assume the Higgs field that is responsible for breaking the U (1) is sufficiently massive that it does not play a role in the following. How the Z decays determines the final state topology; each case is discussed below.
(qq)( ) Topological Model
This toy model contains two new scalars φ 1 and φ 2 , that are charged under the Z . These φ fields are not the mass eigenstates, instead they mix with one another to give the mass eigenstates χ 1 and χ 2 . In general there will be decays of Z to all open channels i.e.χ 1 χ 1 , χ 1 χ 2 , and χ 2 χ 2 . However, by judicious choice of the scalar charges and mixing angles, it is possible to build a toy model in which the Z decays are restricted to jj along with χ 1 χ 2 only, or χ 1 χ 2 and one of χ 1 χ 1 or χ 2 χ 2 .
To allow the scalars to decay we turn on some higher dimension operators of the form λ k ij φ k X n Λ 1+n i He c j where n is chosen to make the operator U (1) invariant and X = 0. The λ coefficients are a new source of flavor changing processes mediated by the φ's, for which there are strong constraints. If the λ are taken proportional to the SM Yukawa matrices then the couplings of φ will be diagonal in the quark/lepton mass basis, which then means the χ's preferentially decay to heavy flavor. However, since we do not take advantage of flavor tagging in this analysis, we make a simplifying assumption that instead the couplings of χ are flavor universal in the quark and lepton mass bases.
Cross section for Z production in pp collisions at √ s = 14 TeV is given in Fig 5. (qq ) Topological Model A model to describe this resonant structure begins with a new Z boson, as above. In addition, we include heavy vector-like pairs of leptons (L, L c ) that will mix with the right-handed standard model leptons. L c has the quantum numbers of the RH leptons under the SM, i.e. Y = 1, and is charge 1 under the U (1) , the L is the opposite under both. This mixing is induced through operators involving the field, X, responsible for the Z mass, λXL i e c i . To avoid lepton flavor constraints we have included three generations of heavy vector-like leptons and they mix with the SM RH leptons in a flavor universal fashion. However, when investigating the reach at the LHC in this final state we will focus exclusively on = e. This mixing term also allows the heavy leptons to decay, through an off shell X field. We introduce higher dimension couplings of X to (down-type) quarks of the form λ ij X Λ q i Hd c j , so that L →and, as before, we take this coupling to be universal in the mass basis of the quarks. Thus, the toy model under investigation is one in which the possible final states of the Z are dijets,
, and e + e − , with the heavy leptons decaying as L ± → e ± qq. For small mixing, , the couplings of these last three states are in the ratio 1 : :
2 , so the strongly constrained dilepton rate can made parametrically small whilst maintaining an interesting rate in L ± e ∓ .
(q )q Topological Model
A model describing the resonant structure (q )q begins as well with a new Z boson and is very similar to the model for (qq ) , but the heavy lepton L is replaced by a heavy quark, Q, taken to have the SM quantum numbers of the d R , and X decays to leptons, Fig. 4 . The final states of the Z are dijet, Qq, and QQ if it is kinematically accessible. Thus, in addition to the final state we are interested in there will be constraints from dijet resonance searches as well as strong constraints from multilepton searches. Searches for a heavy quark decaying as Q → qZ can also be recast [10] to place bounds on this model.
BACKGROUNDS TO jj
In pp collisions, the dominant background in the jj final state to any of these new models is Z/γ → + − in association with jets. Secondary backgrounds include diboson production (W Z →+ − and ZZ →+ − ) and top-quark pair production (tt → W + bW −b → + νb − νb). Other sources, such as W → ± ν in association with jets where one jet is misidentified as a lepton, are minor in comparison and neglected here.
Events are simulated with madgraph5 [7] with pythia [11] for showering and hadronization and delphes [12] for detector simulation. Table I and Fig. 6 shows the expected background yields at this stage. Next-to-leading order cross sections are used in each case [13] [14] [15] . Throughout, limits are calculated using a frequentist asymptotic calculation [16, 17] .
We select events which satisfy the basic event topology:
• exactly two electrons or two muons, both with p T > 20 GeV and |η| < 2.5
• at least two jets, each with p T > 25 GeV and |η| < 2.5
In addition, we require E T < 100 GeV to partially suppress the tt background at little cost to the signal efficiency. For each signal hypothesis, we make further requirements on the reconstructed invariant masses. This basic selection we refer to as our preselection.
MASS RECONSTRUCTION AND LHC SENSITIVITY
In each topology, there are combinatorial ambiguities in the assignment of reconstructed jets to colored partons [18] . In the heavy lepton model, there is an additional ambiguity regarding which charged lepton is assigned to the decay of the heavy lepton, see Fig 3. To resolve ambiguities, we use the separation ∆R = ∆φ 2 + ∆η 2 to either select decay products with the smallest or largest opening angle depending on the kinematic configuration. Details are given below in each case.
( )(jj) topology
In the ( )(jj) topology, there are no lepton ambiguities, so the ( ) system is well-defined. In the case of the jets, if more than two jets are found there are several possibilities for the (jj) system. The (jj) pair momentum balances the momentum of the ( ) pair, and we choose the pair of jets with largest ∆R( , jj). Examples of reconstructed masses are shown in Fig 7. In
Limits on cross section are shown in Fig 10 and converted into limits on the coupling g Zversus m Z in Fig 11 for two choices of BF(Z → χ 1 χ 2 ). The model as constructed would give a signature in jj, but the new particles and interactions introduced would yield signatures in other channels, where existing limits may also constrain the parameters of this model. Specifically, Z → χ 1χ1 gives a final state, while Z → χ 2χ2 gives a jjjj final state and Z → jj gives a di-jet final state.
Both CMS [19] and ATLAS [20] have SUSY-motivated searches for four leptons and with and without missing energy using the full dataset. These results place strong constraint on our 4 final state that contains no intrinsic missing energy. This constraint is stronger than those coming from any other channel. However, as discussed earlier, it is possible that the mixings of the scalars are such that Z → χ 1χ1 is forbidden and this strong constraint is avoided; we focus on this possibility here. Both the Tevatron and LHC have searched for 4j final states [21] [22] [23] . These coloron searches can be recast in terms of our model. Finally, there are bounds on dijet resonances [24] [25] [26] , though exactly which analysis is strongest depends sensitively on the mass of the Z boson [27] . Using the constraints on a vector boson of a gauged baryon number, g B , presented in Ref. [27] our coupling is bounded by g Z< ∼ g B /6 BF (jj).
In order to compare the limits from all these searches we must assume something about the branching ratios of the Z . As described earlier, the Z must minimally decay to χ 1 χ 2 and jj. Since the 4 mode is so constraining we consider the situation where this mode is forbidden at tree level and further we make the simplifying assumption that branching fractions to χ 1 χ 2 and χ 2 χ 2 are equal, with the remaining decay mode being back to dijets. The constraints from the other modes, along with the results of our analysis, on the common coupling of g Z are shown in Fig. 11 for two different choices of branching fraction.
( jj) topology
Resonance reconstruction in the ( jj) topology begins with the identification of the two jets produced in L → jj decay. If more than two jets are found in the event, the pair with smallest ∆R(j, j) are chosen. The lepton For small values of mχ 2 , the efficiency is small due to jet pT requirements and jet resolution effects. For values of mχ 1 near mZ , the larger backgrounds lead to weakened limits. As mentioned earlier, there are additional constraints coming from both dijet and dilepton decays of the Z . We use the ATLAS search for a dileptonic resonance, using 20 fb −1 of data [28] . The relevant dijet resonance search [24] [25] [26] depends upon the mass [27] . All of these constraints are shown together in Fig 15, over most of the parameter space considered the analysis outlined above provides the strongest constraint.
Resonance reconstruction in the j(j ) topology begins with the identification of the two leptons produced in Q → j decay, for which there are no ambiguities. The jet with smallest ∆R(j, ) is chosen to form m Q = m j , and the jet with largest ∆R(j, j ) is chosen to form m Z = m jj . Examples of reconstructed masses are shown in Fig 16. In addition to the preselection requirements above, we select events with reconstructed mass values close to the true values, m jj ∈ [m Q − 100, m Q + 50], and m lljj ∈ [m Z −250, m Z +100]. Again, a requirement of m > 120 GeV suppresses the Z-boson+jets background. Example distributions after m j and m requirements can be seen for two examples in Fig 17. The efficiency of the final selection and expected upper limits on σ(pp → Z → jQ → j(j )) can be seen in Fig 18. As before there are other search modes for this model in related final states that place constraints on the same couplings. There are constraints coming from dijet decays of the Z [24] [25] [26] . There is a constraint from an AT-LAS search for a heavy quark [29] , using 1.04 fb −1 of 7 TeV data, where the singly produced heavy quark decays to a light quark and a leptonic Z. Finally, there is a very strong constraint from LHC multilepton searches [19, 20] on the pair production of Q where each Q decays to a jet and two leptons. For the points in parameter space where the decay of Z → QQ is kinematically accessible this is the strongest constraint, but if M Q > M Z /2 the multilepton final state is suppressed by three body phase space and the mode searched for in this paper becomes an important constraint. In Fig 19 we show the limit on the coupling g Zcoming from j(j ) as well as the strongest, over all M Q at each M Z , of these other constraints. Over all of the parameter space considered the heavy quark constraints are weakest, and the analysis described above is stronger than the dijet constraints for much, but not all, of the parameter space. Although the multilepton constraint appears to be the strongest for every Z mass, it actually only applies for those parameter points where M Q < M Z /2.
CONCLUSIONS
We have introduced a new approach, topological models, to systematically search for new physics, which, in the absence of the discovery of a theoretically predicted new particle, can point to new experimental search directions. Like the simplified model approach, we advocate for minimal model descriptions to aid in the search for new phenomena. However, rather than one or two simple models for a given final state, the topological models approach aims to cover the complete space of topologies for a particular final state. By investigating all possible kinematic combinations of final state particles, whether they be motivated by existing models or not, additional discovery potential is unearthed. In addition to the completeness of this approach, the characterization by final state resonance structure helps organize the presentation of experimental results.
As an example, we consider the final state of jj. Some of the topologies that have been previously studied have only been analyzed under restrictive assumptions about the resonance masses, we generalize this. Furthermore, we study those topologies, of the five possible, that have not been studied before. We propose analysis techniques and study sensitivity for a 14 TeV LHC with L = 300 fb −1 . Both this generalization of existing searches and the addition of new topologies, fill in gaps in experimental analyses where there exists potential for discovery. Repeating this procedure on actual LHC data and in more final states can potentially lead to untapped discoveries. For large m Z − mQ, the efficiency drops due to large transverse momentum of the Q, which leads to small opening angles of the Q decay products. 
